Ϫ ions), are respectively more abundant than the ions arising from the analogous losses at sn-1 (that is, the [M -H -R 1 CO 2 
H] Ϫ and [M -H -R 1 CH¢CO] Ϫ ions) in the MS 2 product-ion spectra of the [M -H] Ϫ ions desorbed by electrospray ionization (ESI). Further dissociation of the [M -H -R 2 CO 2 H] Ϫ and [M -H -R 1 CO 2 H] Ϫ ions gives rise to a pair of unique ions corresponding to losses of 74 and 56 Da (that is, [M -H -R x CO 2 H -56] Ϫ and [M -H -R x CO 2 H -74]
Ϫ ions, x ϭ 1, 2), respectively, probably arising from various losses of the glycerol. The profile of the ion-pair in the MS 3 spectrum of the [M -H -R 2 CO 2 H] Ϫ ion is readily distinguishable from that in the MS 3 spectrum of the [M -H -R 1 CO 2 H] Ϫ ion and thus the assignment of the fatty acid substituents at the glycerol backbone can be confirmed. The product-ion spectra of the [M -H] Ϫ ions from 2-lyso-PIM and from 1-lyso-PIM are discernible and both spectra contain a unique ion that arises from primary loss of the fatty acid substituent at the glycerol backbone, followed by loss of a bicyclic glycerophosphate ester moiety of 136 Da. The combined structural information from the MS 2 and MS 3 product-ion spectra permit the complex structures of PIMs that consist of various isomers to be unveiled in detail. (J Am Soc Mass Spectrom 2007, 18, 466 -478) © 2007 American Society for Mass Spectrometry T he occurrence of inositol and mannose as components of a phospholipid fraction from Mycobacterium species was first noted by Anderson et al. [1] [2] [3] [4] . Substantial studies in both M. tuberculosis and M. phlei. by Ballou and coworkers [5] [6] [7] [8] led to the discovery of a family of phosphatidyl-myo-inositol mannosides (PIMs) consisting of from one to five mannose units. The subclass of PIM 6 was later isolated by Sasaki [9] . PIM molecules are part of the cytosplasmic membrane as well as the mycobacterial cell wall. Other important components of the mycobacterial cell wall are the lipoarabinomannans (LAMs) and the lipomannans (LMs), which are derived from PIMs. The importance of these lipoglycans in the immunopathogenesis of tuberculosis is well known. PIMs form the common anchor of LM and LAM and play an important role in the biological functions of these molecules [10] . PIM 2 was shown to elicit the production of proinflammatory cytokines from macrophages [11] and also has been shown to recruit natural killer T cells, which have a primary role in the local granulomatous response [12] [13] [14] . A role for surface-exposed PIMs as M. tuberculosis adhesins that mediate attachment to nonphagocytic cells has also been established [15, 16] . Analysis of infected macrophages revealed that PIMs, among other myco-bacterial lipids, are actively trafficked out of the mycobacterial phagosome, suggesting a potential role for these constituents in extending the influence of the bacterium over its surroundings [17] .
Phosphatidyl-myo-inositol mannoside (PIM) consists of a phosphatidylinositol nucleus, in which a mannosyl residue is glycosidically attached by an ␣-(1¡2) linkage to the O-2-position of the inositol to form a phosphatidylinositol monomannoside (PIM 1 ). From M. tuberculosis and M. phlei, Lee and Ballou established the complete structure of phosphatidylinositol dimannoside (PIM 2 ) that consists of a second mannosyl residue attached to the O-6-position of the myo-inositol by ␣-D-(1¡6)-linkage. The structure of phosphatidylinositol pentamannoside (PIM 5 ) defined by the same authors is a glycosylated chain elongation of PIM 2 occurring at position O-6 of the second mannose by addition of two ␣-(1¡6)-linked mannosyl residues and one ␣-(1¡2)-linked mannosyl residue [8] . Chatterjee et al. [18] described the presence of a phosphatidylinositol hexamannoside (PIM 6 ) isolated from M. tuberculosis. The structure of the glycosidic part of PIM 6 has been established and
to the myo-inositol ring along with the mannosyl residue attached to position 2 [18, 19] (see I for structure of PIM 6 ).
In addition to the two fatty acid groups connected to the glycerol backbone, a series of PIMs containing one or two additional fatty acyl residues can be found on various PIMs including PIM 6 , PIM 5 , PIM 4 , PIM 3 , and PIM 2 [20 -22] . Earlier studies by Khoo et al. using fast atom bombardment-mass spectrometry (FAB-MS) analyses of the perdeuteroacetyl and permethyl derivatives of PIMs along with gas chromatography (GC)/MS analysis suggested that the third fatty acyl group in acyl-PIM 2 and its lyso form is bonded to the 6-position of the mannose linked to the O-2 of the myo-inositol [23] . This structure is confirmed by Gilleron et al., whose group later demonstrated that a fourth acylation site is located at the C-3 of the myoinositol, using GC/MS, matrix-assisted laser desorption ionization-time of flight (MALDI-TOF), and electrospray ionization tandem mass spectrometry (ESI-MS-MS), in combination with extensive studies with NMR spectroscopy [24 -27] . The acylation state of PIM 6 was recently found to be consistent with that observed for PIM 2 . PIMs are extremely heterogeneous by nature. For example, the PIM 6 family constitutes 10 or 12 acyl forms [26] .
Although the structure of PIMs has been established using the traditional methods, a simple multiple-stage ion-trap mass spectrometric approach toward to the structural elucidation of PIMs has not been described. In this first part of the report, we shall describe the mechanism(s) underlying the fragmentation processes of PI and PIMs upon collisional activation decomposition (CAD) in an ion-trap, as well as the structural characterization of PI and of the subclass of PIMs (diacylated PIMs). The mass spectrometric methods for structural characterization of monoacyl-PIMs (triacylated PIMs) and diacyl-PIMs (tetraacylated PIMs) will be presented separately in a companion paper of this report [28] .°This°unique°multiple-stage°tandem°mass spectrometric method permits the complex structures of PIMs, including various isomers, to be revealed in detail.
Experimental

Isolation of PIMs from M. bovis Bacillus Calmette Guérin (BCG)
Mid-log mycobacterial cultures were harvested and washed twice with sterile H 2 O with 0.05% Tween. The pellet was extracted with chloroform/methanol (2:1 vol/ vol)°twice°at°50°°C°followed°by°a°Folch°wash° [29] °to remove the hydrophilic contaminants. The organic phase was dried under N 2 and stored at Ϫ20°C. Total lipid extracts were fractionated over silica gel-60 (EM Science, Fort Washington, PA, USA) using increasing amounts of 
methanol in chloroform, and the phospholipids including PIMs fraction were eluted between 7 and 50% chloroform. The fractions were purified on preparative TLC plates (aluminum-backed, 250 mm thick silica; EM Science) using a mixture of water:chloroform:methanol (4:64:32, by volume), and the individual bands were scraped from the plate and extracted from the silica in chloroform/methanol (2/1 by volume).
Mass Spectrometry
Negative-ion multiple-stage tandem mass spectrometry experiments were conducted on a Finnigan (San Jose, CA) LCQ DECA ion-trap mass spectrometer (ITMS) equipped with an Xcalibur operating system. Lipid extracts in methanol/chloroform solution (vol/vol, 1/1) were continuously infused (3 L/min) to the ESI source, where the skimmer was set at ground potential, the electrospray needle was at 4.5 kV, and temperature of the heated capillary was at 260°C. To obtain the CAD product-ion spectra from the MS n (n ϭ 2, 3, 4) experiments, the automatic gain control of the ion trap was set to 5 ϫ 10 7 , with a maximum injection time of 400 ms. Helium was used as the buffer and collision gas at a pressure of 1 ϫ 10 Ϫ3 mbar. The MS n experiments were carried out with a relative collision energy ranging from 30 to 38% and with a default activation q value at 0.25. The activation time was set at 100 ms. The mass resolution was 0.6 Da at half peak height throughout the acquired mass range. MALDI-TOF spectra of the lipid extract were acquired in the reflector mode using a Voyager DE STR mass spectrometer (PerSeptive Biosystems, Framingham, MA, USA) equipped with a 337 nm nitrogen laser and delayed extraction°as°previously°described° [26] .°The°final°mass spectra were from an average of 5-10 spectra, in which each spectrum is a collection from 200 laser shots.
Nomenclatures
Phosphatidyl-myo-inositol mono-, di-, tri-, tetra-, penta-, and hexamannosides are denoted as PIM 1 , PIM 2 , PIM 3 , PIM 4 , PIM 5 , and PIM 6 , respectively. The abbreviation PIM used here is to denote PIM bearing two fatty acid substituents°on°their°glycerol°moiety° [30] .°In°some°in-stances, PIM(s) signify the entire class of phosphatidylmyo-inositol mannosides, including lyso-PIMs, PIMs (diacylated PIMs), monoacyl-PIMs (triacylated PIMs), and diacyl-PIMs (tetraacylated PIMs). To simplify data interpretation, we adopt the rules recommended by IUPAC with modification for designation of the fatty acyl substituents and the mannosyl moieties. The mannose attached to the O-2 of the myo-inositol by a ␣-(1¡2)-linkage is designated as mannose 1, and the mannosyl residue that is glycosidically attached to the myo-inositol by a ␣-(1¡6) linkage is designated as mannose 2. The fatty acid substituents attached to the stereospecific numbering (sn) of C1 (sn-1) and C2 (sn-2) of the glycerol backbone are designated as R 1 CO 2 H and R 2 CO 2 H, respectively. The fatty acid substituent at- 1-) , tubercurostearoyl, and palmitoyl fatty acyl substituents corresponding to the R 3 CO-, R 4 CO-, R 1 CO-, and R 2 COsubstituents, respectively. The product-ion spectra obtained from the MS n (n ϭ 2, 3, 4) experiments were designated as the MS n spectra (n ϭ 2, 3, 4).
Results and Discussion
Both PIMs and PI consist of a phosphatidylinositol nucleus and readily yield the deprotonated anions
) using ESI-MS in the negative-ion mode. Although MALDI-TOF-MS with reflectron and delayed extraction features affords ultimate resolution and superb sensitivity, multiple-stage ion-trap mass spectrometry with ESI provides valuable information for structural characterization of PIMs. The mass spectrum of the lipid extracts from M. bovis BCG obtained by MALDI-TOF°(Figure°1a)°is°similar°to°that°obtained°by ESI IT-MS (data not shown). The spectrum is dominated by the ions arising from the phosphatidylinositol (PI) and PIM molecules, consistent with those previously reported for M. tuberculosis, M. bovis BCG, and M.ésmegmatisé [27] .°To°gain°insight°into°the°mechanism(s) underlying the fragmentation processes of PIMs, we first conducted studies on the PI including PI standards using multiple-stage ion-trap mass spectrometry. and palmitic (16:0) acids, respectively. The m/z 553 ion is more abundant than the m/z 579 ion, indicating that the 16:0-and 18:1-fatty acyl moieties are located at sn-1 and sn-2, respectively, consistent with the notion that the ion reflecting the loss of the fatty acid substituent at sn-2 is more abundant than that reflecting°the°similar°loss°at°sn-1° [31,°32] .°The°assignment°of the fatty acyl substituents is also consistent with the observation of a higher abundance of the ion at m/z 468°HSU°ET°AL.°J°Am°Soc Mass Spectrom 2007, 18, 466 -478 571 than the ion at m/z 597, reflecting losses of the 18:1-and 16:0-fatty acyl substituents as ketenes, respectively.
The Fragmentation Processes of PI Revealed by IT Multiple-stage Tandem Mass Spectrometry
Further loss of the inositol moiety from ions at m/z 579 (835 -R 2 CO 2 H) and 553 (835 -R 1 CO 2 H) gives rise to the°ions°at°m/zé417°and°391,°respectively° [32] .°The°m/zé391 ion (835 -R 2 CO 2 H -162) involving loss of the fatty acid at sn-2 is more abundant than the m/z 417 ion (835 - forms a phosphoester intermediate, followed by elimination of the glycerol moiety in various forms (Scheme 1). Although these ions are of low abundance, the analogous ions from the similar fragmentation processes are prominent in the MS 3 spectra of the [M -H -R 1(or 2) CO 2 
H]
Ϫ ions arising from monoacyl-or diacylPIMs and are indicative for the fatty acyl substituents that reside at glycerol backbone (that is, R 1 CO-and R 2 CO-), allowing us to distinguish them from those residing°at°the°glycoside° [28] .
Further losses of the 18:1-fatty acyl substituent as an acid and as a ketene from the ion at m/z 579 gives rise to m/zé297°and°315,°respectively° (Figure°2b) .°These°latter ions are also seen in the MS 3 
Structural Characterization of PI Species in the Lipid Extracts from M. bovis BCG
In addition to the ion at m/z 835 that arises from an 18:1/16:0-PI molecule as described earlier, the major PI species°in°M.éboviséBCG°was°seen°at°m/zé851°(Figure°1b°and c).°The°MS an ketene, respectively. These results indicate that the ion at m/z 741 probably represents a deprotonated palmitoyl-Man-Ino-Man anion arising from further loss of a bicyclic glycerophosphate ester moiety (136 Da) (discussed later in 2-lyso-PIMs), suggesting that the ion at m/z 1175 may also consist of a minor 16:0-(19:0/0)-PIM 2 isomer, as previously described by Gilleron et al. [25] .°The°presence°of°the°16:0-(19:0/0)-PIM 2 isomer is also consistent with the observation of a minor peak at m/zé 803°in°Figure°4a,°signifying°the°attachment°of°a palmitoyl°residue°to°mannose°1° [28] .°However,°Khoo°et°al. reported that monoacyl-2-lyso-PIM 2 s, rather than PIM 2 s (diacylated PIM 2 ) are the predominant species found in the°lipid°extract°from°Mycobacteriumétuberculosisé [23] . In addition to the assigned structure of 19:0/16:0-PIM 6 , the ion at m/z 1823 may also represent a 16:0-(19:0/0)-PIM 6 , a 2-lyso-PIM 6 molecule. This is based on the findings that the spectrum also contains the ion at m/z 1389, arising from further loss of 136 Da from 1525, which may arise from loss of the 19:0-fatty acid substituent at sn-1. The structural characterization of 2-lyso-PIM is discussed below.
Characterization of 2-Lyso-PIMs
The ions observed at m/z 895 and 1543 probably belong to 2-lyso-PIM species. The IT MS 2 
Conclusions
The positions of the fatty acyl substituents on the glycerol backbone of the PIMs can be easily assigned because the [M -H -R 2 3 spectra are useful for the confirmation of positions of the fatty acyl substituents, in particular, when the fatty acyl residues attached to the inositol and to the mannosyl residues are to be distinguished. The multiple-stage IT mass spectrometric approach toward to structural characterization of complex PIM molecules, including monoacyl-PIMs (triacylated PIMs) and diacyl-PIMs (tetraacylated PIMs), is described°in°a°companion°paper°that°follows° [28] 
